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PREFACE Xiii

PREFACE

DurinG THE 1950s and 1960s, the U.S. Army conducted dispersion tests
using particles of zinc cadmium sulfide (ZnCdS) as a nonbiologic simulant of
biologic-warfare agents in a number of urban and rural locations in the United
States and Canada. This report, by the Subcommittee on Zinc Cadmium Sulfide
of the National Research Council's Committee on Toxicology, is intended to
assist the Army and the U.S. Congress in their efforts to determine whether
exposure to ZnCdS particles adversely affected the health of persons living in
the areas where the dispersion tests were conducted. The report independently
reviews the available toxicity data on ZnCdS and its components cadmium and
zinc, assesses human exposures to ZnCdS, and characterizes the risk to people
exposed to it through the Army's dispersion tests.

The subcommittee was greatly assisted by several persons who provided
information on the Army's ZnCdS dispersion tests and toxicity data on ZnCdS
and its components. The subcommittee gratefully wishes to acknowledge
William Barnett, Amy Birks, Leslie Burger, John Doesberg, Dennis Druck,
Frederick Erdtman, Robert M. Gum, Bernard Ingold, Jeffrey Kirkpatrick,
Francis O'Donnell, Forrest Oliverson, John Riggs, and Carmen J. Spencer—all
of the U.S. Army—for their interest in and support of the project, as well as
Amy S. Adair, Kenneth R. Boley, Monica Chavez, Cathy M. Collier, Marjorie
A. Duske, Michael Erlandson, Christine Hawk, Thomas C. Keller, John L. Less,
Derek D. Lick, Dobie O. McArthur, and Jennifer M. Tisdale—of the staff of the
U.S. Congress. We are grateful to Edmund Crouch of Cambridge
Environmental, Inc.,
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for reviewing the Army's data on the ZnCdS dispersion tests and for estimating
the doses and concentrations of ZnCdS particles. We are also grateful to Sheila
Fabiano (USR Optronix), Terry Gordon (New York University Medical
Center), Gunter Oberdorster (University of Rochester), and Bruce Parkinson
(University of Colorado), for making presentations or providing material to the
subcommittee. The subcommittee also wishes to thank the several hundred
persons who took the time and made the effort to meet with or present material
to the subcommittee at the public meetings.

As chair of the subcommittee, I am grateful for the assistance of the
National Research Council staff in the preparation of the report. Staff members
who contributed to this effort are Paul Gilman, executive director of the
Commission on Life Sciences; James J. Reisa, director of the Board on
Environmental Studies and Toxicology; Carol A. Maczka, program director for
toxicology and risk assessment; Diane J. Mundt and Erin M. Bell of the
Medical Follow-up Agency, Institute of Medicine; Jamie E. Young, Board on
Environmental Studies and Toxicology; Norman Grossblatt, editor; Susan N.J.
Pang, research associate; Ruth E. Crossgrove, staff associate; and Lucy V.
Fusco, project assistant. I especially wish to recognize the major contributions
of the project director, Kulbir S. Bakshi, who exhaustively studied the literature
and drafted several sections of the report. He worked tirelessly to obtain
information, and he organized the study plan, the subcommittee and public
meetings, the special presentations, and this final report.

Finally, I would like to thank all the members of the subcommittee (who
worked without compensation in public service) for their expertise and
dedicated effort throughout the development of this report. The members of the
subcommittee represented an unusually diverse set of disciplines, from
laboratory scientists to epidemiologists to risk-communication experts. Despite
this diversity, which was essential for consideration of the many issues involved
in the problem we were addressing, the members worked together in a highly
effective manner. Discussions were open, honest, and vigorous. For the untiring
efforts of these dedicated people, I am sincerely grateful!

Rogene F. Henderson, PhD

Chair, Subcommittee on Zinc Cadmium Sulfide and Chair, Committee on
Toxicology

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5739.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

's Zinc Cadmium Sulfide Dispersion Tests

CONTENTS

XV

CONTENTS

SUMMARY

1 INTRODUCTION
ZnCdS Dispersion Tests
Public Concern in Response to ZnCdS Dispersion
Tests
Tasks of the Subcommittee
Sources of Data
Structure of the Report

2 INPUT FROM THE PUBLIC
Nature of Comments
Specific Health Problems
Conclusions

3 TOXICITY AND RELATED DATA ON ZINC
CADMIUM SULFIDE
Physical and Chemical Properties
Toxicokinetics and Bioavailability of ZnCdS:

Availability of Cadmium from ZnCdS

Toxicity
Implications of Variable Composition
Conclusions and Recommendations

4 TOXICITY AND RELATED DATA ON
SELECTED CADMIUM COMPOUNDS
Physical and Chemical Properties of Cadmium

Compounds

Copyright © National Academy of Sciences. All rights reserved.

17
18
19

20
22
24

25
26
29
30
32

32
35

35
37
37
39

40


http://www.nap.edu/catalog/5739.html

's Zinc Cadmium Sulfide Dispersion Tests

° o CONTENTS Xvi
£ O :

£8S N .

gc3 Toxicokinetics of Cadmium Compounds 42
B = Toxicity of Cadmium Compounds 43
v % S Carcinogenicity of Cadmium Compounds 51
3 § 5 Conclusions 55
258

= o 5 EXPOSURE ASSESSMENT 57
- Zinc Cadmium Sulfide 57
585 Cadmium 60
2 %:j % Conclusions 65
=ge

S > % 6 RISK CHARACTERIZATION OF EXPOSURES 67
- %S TO ZINC CADMIUM SULFIDE

% § ‘§ Risk Assessment for Noncancer Health Effects 68
5 = 5 Risk Assessment for Cancer 72
gca Conclusions 79
Jos

= % E 7 SCIENTIFIC FEASIBILITY OF EPIDEMIO- 82
£ é B LOGIC STUDY

i B %’ Nature of Epidemiologic Investigations 83
% g Cgl Key Methodologic Issues 84
g3 o Types of Epidemiologic Studies 89
§ f) ‘é Conclusions 91
=5

§ 58 8 CONCLUSIONS AND RECOMMENDATIONS 94
@ % § Input from the Public 94
< i 9 Toxicity and Related Data on Zinc Cadmium Sulfide 95
g g § Toxicity and Related Data on Selected Cadmium 95
0% Compounds

52 Exposure Assessment 96
2 =8 Risk Assessment of ZnCdS Exposures 97
:c: é § Feasibility of Epldemlologlc Study 98
S ¢ Recommendations 98
S£8

2L8¢ REFERENCES 100
eS8

% g g APPENDIX A: Historical Background of the U.S. Biological Warfare = 112
5 _% 2 Program

285 -

=02 APPENDIX B: Summary of Doses and Concentrations of Zinc Cad- 122
2 I(l? & mium Sulfide Particles from the Army's Disper-

2 4 ng sion Tests

[= 2=

f g % APPENDIX C: Correspondence from the Army 296
gl

z qé % APPENDIX D: Interaction of Zinc and Cadmium and Toxicity of 299
i %;B ; Zinc Cadmium Sulfide Activators

35T

<5 @

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5739.html

CONTENTS Xvii

APPENDIX E: Public Meetings Agendas 302

APPENDIX F: Sampling and Analytic Methods for Zinc Cadmium 311
Sulfide

APPENDIX G: Review of AEHA Risk Assessment Reports on Zinc 316
Cadmium Sulfide

APPENDIX H: Review of EPA, ATSDR, and CDC Comments on the 335
Army's Risk Assessment Reports on Zinc Cad-
mium Sulfide

APPENDIX I: Cadmium Exposure Assessment, Transport, and Envi- 338
ronmental Fate

GLOSSARY 361

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5739.html

's Zinc Cadmium Sulfide Dispersion Tests

XViii

CONTENTS

"uolNQgu3Ie 1o} UOISISA SAlle}lIoYyINe 8y} se uonedlgnd siy} Jo uoisiaA juld sy} 8sn ases|d pauasul Ajjejuaplooe usaq aney Aew sious oiydeibodA} swos pue ‘pauiejal
aq jouued ‘Janamoy ‘Bumnewloy oyoads-BuipesadAy Jayjo pue ‘sojAls Buipeay ‘syeaiq piom ‘syibua)| aul| {jeulblio ay) 0} anly aie syeaiq abed ‘sa|i BuiesadAy jeulblio
a8y} wolj Jou ‘yooq Jaded [eulbuo 8y} wouy pajeald sajiy X Woly pasodwodas usaq sey yiom [eulbuo ay} jo uonejuasaidal [eybip mau siyl @) 4ad SIY} Inoqy

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5739.html

12}
17
3
T
c
Qo
&
@
o
K]
[a)]
[
S
=
>
n
1S
=
S
k=
IS
©]
[S]
£
N

XiX

TOXICOLOGIC ASSESSMENT OF THE
ARMY'S ZINC CADMIUM SULFIDE
DISPERSION TESTS

"uonnguyle Joj UOISISA SAllejIoyINe 8y} se uoneolgnd siy} Jo uoisiaA juld sy} 8sn ases|d palasul A|jejuspiooe usaq aaey Aew siolis oiydelbodA) swos pue ‘pauiejal
aQ Jouued ‘Janamoy ‘Buiewo) oyoads-buipasadAy Jayjo pue ‘sojAis Buipeay ‘syealq pJom ‘syibus| aull ‘{jeulbuo ay) 0} anly ale syealq abed ‘sa|ly buiasadAy jeuiblio
ay} wolj Jou ‘Yooq Jaded [euibLo 8y} wouy pajeald safi X Wody pasodwodal usaq sey yiom [eulblio 8y} Jo uonejuasaidal [e)bip mau siyl 9 4dd SIY} Inoqy

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5739.html

's Zinc Cadmium Sulfide Dispersion Tests

XX

"uonNguyIe 1o} UOISISA SAlle}lIoyINe 8y} Se uonedlgnd siy} Jo uoisiaA juld sy} 8sn ases|d pauasul Ajjejuaplooe usaq aney Aew sious oiydelbodA} swos pue ‘pauiejal
aq jouued ‘Janamoy ‘Bumnewloy olyoads-BuipesadAy Jayjo pue ‘sojAis Buipeay ‘syeaiq piom ‘syibua)| aul| {jeulblio ay) 0} anly ase syeaiq abed ‘sa|i BuiesadAy jeulblo
a8y} wolj Jou ‘yooq Jaded [eulbuo 8y} wouy pajeald sajiy X Woly pasodwodas usaq sey yiom [eulbuo ay} jo uonejuasaidal [eybip mau siyl @) 4ad SIY} Inoqy

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5739.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

's Zinc Cadmium Sulfide Dispersion Tests

SUMMARY 1

SUMMARY

BECAUSE OF CONCERN over the possible use of biologic warfare (BW) by a
foreign power against the United States and its allies, President Roosevelt in
1942 established the U.S. Biological Warfare Program. During the 1950s and
1960s, Stanford University and other contractors for the U.S. Army Chemical
Corps conducted dispersion tests using fluorescent particles of zinc cadmium
sulfide (ZnCdS) as part of the BW program in Minneapolis, MN; Corpus
Christi, TX; Fort Wayne, IN; St. Louis, MO; and 29 other urban and rural
locations in the United States and Canada. The ZnCdS tests were conducted to
determine how BW agents disperse in various environments and to determine
the munitions requirement (the quantity of a material required to achieve a
particular military objective) for the strategic use of BW agents against selected
cities and other areas. The ZnCdS particles were not themselves BW agents, but
rather were nonbiologic simulants of bacterial particles. The compound was
considered to be desirable as a nonbiologic simulant for the following reasons:
it fluoresces under ultraviolet (UV) light and therefore can be easily detected;
its particle diameter (2-3 pm) and mass, and thus its behavior in air, are similar
to those of BW agents; it is economically feasible to use; it was thought to be
nontoxic to humans, animals, and plants; and it is relatively stable in the
atmosphere.
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Upon learning of the dispersion tests in the early 1990s, government
officials and citizens in cities where the tests had occurred raised concerns
about the thousands of people who might unknowingly have been exposed to
ZnCdS. After some information on the tests became public, people living in
areas where the tests had been conducted attributed various illnesses, including
cancer and reproductive difficulties, to exposure to the chemical.

In response to the initial expressions of concern from the residents and
from Congressional representatives of Minneapolis and Corpus Christi and
senators from Minnesota and Indiana, the U.S. Army Environmental Hygiene
Agency (AEHA) prepared reports that retrospectively assessed the health risk to
humans who had been exposed to ZnCdS in those cities. The AEHA
assessments were based on a review of the toxicity of cadmium because little
information on the toxicity of ZnCdS was available in the scientific literature or
in Army files and because AEHA considered cadmium to be the most-toxic
component of ZnCdS. AEHA did not believe that zinc, an essential nutrient that
is toxic only at high doses, would contribute to the toxicity of ZnCdS. In the
AEHA reports, human exposures to cadmium were estimated from ZnCdS-
exposure monitoring data recorded at the time of the releases. AEHA
concluded: "Conservative evaluation of the available data using EPA risk
assessment methodology and comparisons with available standards, ambient air
data, and health effects information indicates that the measured concentrations
in the test areas should not have been associated with any adverse health effects
for residents in the test areas. The estimated excess cancer risks are much less
than the risk levels generally considered acceptable by the EPA. These
comparisons and evaluations indicate that the ZnCdS tests posed negligible
health threats to residents of the test areas."

TASKS OF THE SUBCOMMITTEE

In July 1994, the Army asked the National Research Council to
independently review the AEHA reports assessing the health risks for Corpus
Christi and Minneapolis, determine the reasonableness of the AEHA
conclusions,
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and, if necessary, suggest recommendations for improving the assessments. In
the fiscal year 1995 Department of Defense appropriations, Congress responded
to the public-health concerns by directing the secretary of defense to request an
independent study by the Research Council concerning the possible adverse
health effects of human exposures to ZnCdS as a result of the Army's dispersion
tests. Consequently, the Army asked that the Research Council study already
under way be substantially expanded to determine independently the health
risks associated with exposure to ZnCdS in all exposed U.S. locations, hold
public meetings in selected cities where the ZnCdS tests had been conducted,
and review the environmental fate of ZnCdS.

The National Research Council assigned the project to the Committee on
Toxicology (COT) of the Board on Environmental Studies and Toxicology in
the Commission on Life Sciences. COT convened the Subcommittee on Zinc
Cadmium Sulfide, which conducted the study and prepared this report. The
subcommittee members were chosen because of distinguished expertise in
toxicology, medicine, pathology, epidemiology, pharmacology, chemistry,
environmental health, environmental fate, industrial hygiene, ecology,
biostatistics and mathematical modeling, risk assessment, risk communication,
and interpretation of technical information. The subcommittee was charged with
the following tasks:

1. Determine the appropriateness of using cadmium-toxicity data as a
surrogate for ZnCdS-toxicity data in the AEHA's risk-assessment reports.

2. Assess the transport and environmental fate (but not ecologic effects) of
ZnCdS.

3. Assess the adequacy of the AEHA estimates of exposures to ZnCdS in
Minneapolis, Corpus Christi, Fort Wayne, and other test areas.

4. Review the toxicokinetics of ZnCdS and its surrogate, cadmium.

5. Assess the toxicity of ZnCdS and cadmium (or cadmium compounds),
including effects on sensitive human populations, toxicologic
interactions of zinc and cadmium, and the toxicologic implications of
the variable composition of ZnCdS.

6. Determine the utility and feasibility of conducting an epidemiologic
study of the ZnCdS exposures in question.

7. Review the comments of the U.S. Environmental Protection
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Agency, Centers for Disease Control and Prevention, and Agency for
Toxic Substances and Disease Registry on AEHA's risk-assessment
reports on ZnCdS.

8. Identify research gaps in the available information and develop priorities
for research.

The subcommittee has produced three reports: (1) an interim report,
published in September 1995, which contains the subcommittee's preliminary
toxicity assessment of ZnCdS exposures; (2) a final technical report (the present
report), which addresses all tasks listed above; and (3) a separately published
nontechnical report for the general public to communicate the extent of risk
from exposure to ZnCdS.

It should be noted that although some tests involved simultaneous
exposures to ZnCdS and biologic simulants, such as Serratia marcescens or
Bacillus globigii, the subcommittee did not assess the implications of such
coexposures, because that was beyond its charge and ability. The subcommittee
also did not address whether testing of the chemicals without the knowledge of
the American public was ethical or violated the public trust; this question is
important but was also beyond the subcommittee's charge and expertise.

SOURCES OF INFORMATION

INPUT FROM THE PUBLIC

The subcommittee held three public meetings as part of its evaluation of
the possible adverse health effects of human exposures to ZnCdS. The meetings
were held in Minneapolis on May 25, 1995; in Fort Wayne on July 31, 1995;
and in Corpus Christi on October 18, 1995. Their purpose was to gather
information and learn about public concerns related to the releases of ZnCdS.
The three cities were chosen because of expressions of concern about possible
health effects and the presence of community groups that were gathering
information and seeking answers. In addition, the Army had completed risk
assessments for each of the three communities.

Questions and issues raised during the public meetings fell into three
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general categories: concern about possible health effects of exposures to
ZnCdS, outrage about being exposed to a chemical by the government without
being informed, and requests for information about the spraying activities—
how, how much, when, Where, and why.

The information presented in the public meetings ranged from individual
and family health histories to detailed maps with markers showing health
problems in areas that were sprayed. A common theme throughout the
testimony was the frustration that answers were not available as to why people
had suffered health problems. Many people indicated that they did not know
what caused their health problems; many did not assert that ZnCdS exposure
was the cause. But they wanted the subcommittee to have whatever information
might help to evaluate the concerns raised.

The types of health effects reported most often differed among the three
communities. For example, reproductive problems were more commonly
reported at the public meeting in Minneapolis than elsewhere, whereas cancer
was mentioned most often in Fort Wayne and Corpus Christi. Degenerative
diseases of the central nervous system, such as Parkinson's disease, were
reported, as were other degenerative and metabolic disorders, such as
atherosclerosis and heart problems, arthritis, diabetes mellitus, diabetes
insipidus, and osteoporosis. A number of nonspecific complaints that do not
appear to fit into any of these disease categories were noted, such as the
development of cysts, high blood pressure, dizzy spells, coughing, swollen
glands, infections, joint swelling, weight gain, fatigue, and nosebleeds.

OPEN LITERATURE AND UNPUBLISHED REPORTS

The subcommittee reviewed the available toxicity and exposure data on
ZnCdS, cadmium, and cadmium compounds. The ZnCdS data came from
reports available in the open literature; reports from Stanford University and
other Army contractors for the ZnCdS tests; material-safety data sheets; and the
Army. In its review of the data supplied by the Army, the subcommittee became
aware that some of the exposure data from the Army's tests on ZnCdS are
missing. The Army was asked to supply the missing data, and it informed the
subcommittee that it was unable to find
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those data because the information being sought is 30-40 years old, and the data
on the Army's dispersion tests had not been cataloged. However, the
subcommittee feels confident in the large amount of data that it did review and
does not believe it likely that the missing data would alter its conclusions. The
available data provide information on general exposures at various locations but
not on exposures of individuals, which are important in epidemiologic studies.

The subcommittee reviewed only unclassified data available on ZnCdS.
The Army has assured the subcommittee in writing that all the relevant data on
ZnCdS dispersion tests have been declassified and provided to the
subcommittee (letter attached in Appendix C). According to the Army, the only
information that was not declassified pertains to a large area coverage study, in
which there is information regarding the altitude from which a very small
quantity of a BW agent could be dropped and contaminate about 500,000
square miles of the country. The Army felt that declassification of this
information could affect national security.

CONCLUSIONS

To assess the possible adverse health effects of exposure to ZnCdS from
the Army's dispersion tests, the subcommittee reviewed the physical and
chemical properties of ZnCdS; the toxicokinetics, bioavailability, and toxicity
of ZnCdS; the toxicity of other selected cadmium compounds; and the
exposures related to the tests. The subcommittee also assessed the risks
associated with exposures to ZnCdS, which included an assessment of the
information presented by the public, and evaluated the utility and feasibility of
conducting an epidemiologic study of the ZnCdS exposures in question. The
conclusions of the subcommittee are presented below.

PHYSICAL AND CHEMICAL PROPERTIES

The ZnCdS used in the Army studies was composed of about 80% zinc
sulfide (ZnS) and 20% cadmium sulfide (CDs). The concentration of copper or
silver was about 0.005%. ZnCdS is not just a physical mixture
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of the two compounds; its constituents—ZnS and CDs—are sintered by heating
a mixture of them to about 900°C so that a crystalline lattice structure
containing zinc, cadmium, and sulfur is formed. The sintered compound
reportedly does not contain pure ZnS or CDs, because the sintering process is
highly efficient. It is stable in atmospheric conditions, insoluble in water and
lipids, and poorly soluble in strong acids.

TOXICOKINETICS AND BIOAVAILABILITY OF
ZNCDS: AVAILABILITY OF CADMIUM FROM ZNCDS

No studies on the toxicokinetics of ZnCdS were found. Because it is
poorly soluble in strong acids and insoluble in water and lipids, ZnCdS
probably is not absorbed through the skin or gastrointestinal tract. Its lack of
solubility also suggests that it is highly unlikely that free cadmium ions would
become bioavailable to target organs as a result of inhalation of ZnCdS.
However, information is not available on whether ZnCdS might break down in
the respiratory tract into more-soluble components, which could be absorbed
into the blood.

TOXICITY

The toxicity database on ZnCdS is sparse. No human studies on ZnCdS are
available. Animal data indicate that ZnCdS is not acutely toxic when given
orally; that finding is consistent with the insolubility of the compound and its
apparent lack of bioavailability. ZnCdS was also not found to be a skin or eye
irritant in rabbits.

No reports on the toxicity of inhaled ZnCdS are available in the literature.
Because the ZnCdS particles used in the Army's dispersion studies were so
small, the particles could probably be inhaled and deposited in the deep lung,
but no information is available on the potential toxicity of the particles in the
lung. It is also not known whether ZnCdS can be broken down by pulmonary
macrophages into more-soluble forms of cadmium.
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TOXICITY OF SELECTED CADMIUM COMPOUNDS

Faced with the task of evaluating the potential toxicity of ZnCdS, a
compound with largely unknown toxic potential but reasonably well-known
physical and chemical properties, the subcommittee considered it prudent to
examine toxicity and related data on the most toxic component in ZnCdS,
cadmium. The toxic potency of cadmium compounds depends on their in vivo
solubility and bioavailability. ZnCdS is neither water-soluble nor apparently
bioavailable, so the subcommittee believes that the use of toxicity data on
soluble cadmium compounds to estimate the toxicity of ZnCdS constitutes a
worst-case scenario. In other words, this approach would lead to an
overestimate of the risk associated with ZnCdS.

As a general rule, highly in vivo soluble cadmium compounds—such as
cadmium chloride (CdCl,), cadmium sulfate (CdSO,), and cadmium oxide (CdO)
—are more toxic than the poorly soluble compounds, such as cadmium sulfide
(CDs).

Soluble cadmium compounds can be absorbed from the skin, intestinal
tract, or respiratory tract into the bloodstream and can be transported throughout
the body with the potential for causing systemic injury. With high short-term
exposures, only lung toxicity is seen. With chronic exposures, the most-
sensitive sites of injury are the kidneys and bones.

The subcommittee believes that the toxicity of ZnCdS is more like that of
cadmium sulfide than like that of other cadmium compounds because the
crystalline structures of the two compounds are similar, both compounds are
insoluble in vivo, and neither compound is bioavailable. The subcommittee,
therefore, chose to base its assessment of the potential toxicity of ZnCdS for
noncancer health effects on the toxicity of CDs.

Several studies conducted in experimental animals show that the toxicity
of CDs is much lower than the toxicity of soluble cadmium compounds. It takes
considerably higher CDs concentrations to produce lung toxicity, and
substantially less cadmium becomes bioavailable from inhaled or ingested CDs
than from the more-soluble cadmium compounds. CDs administered to rats
intratracheally produces a minimal inflammatory response in the lung. The
estimated no-observed-adverse-effect level for humans exposed to CDs for 2-3
h by inhalation is 594 pg (that is, 513 ug of cadmium). The highest estimated
cadmium doses to any individual at the test sites were
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below this level. The maximal potential cadmium doses in a populated area
were: St. Louis, 24.4 pg (in 31 months); Winnipeg, 14.5 pg (in 22 days);
Minneapolis, 6.8 pg (in 1 month). Other test locations had lower values.
Toxicokinetic studies showed that inhaled CDs is not absorbed from the lungs
into systemic circulation. Some 75% of inhaled CDs is exhaled immediately,
and about 90% of the remainder is removed slowly from the lungs into the
gastrointestinal tract by normal pulmonary clearance processes.

Several epidemiologic studies have shown that occupational exposure to
high concentrations of cadmium and cadmium compounds for many years is
correlated with lung cancer. In animal studies, all cadmium compounds
examined have been found to produce respiratory tract tumors after chronic
exposures. The subcommittee reached the following conclusions on the
carcinogenicity of cadmium compounds as they relate to the ZnCdS exposures:

* Inhaled cadmium has been shown in occupational studies and laboratory
studies of animals to cause lung cancer, but not cancer at other body sites.

* Cadmium inhalation exposures associated with increased lung-cancer risk
in animal studies involved higher concentrations (100-1,000 times higher),
longer periods (lifetime exposures), and more-soluble compounds than the
exposures to cadmium from ZnCdS in the Army's testing program.

* The cancer-potency data available on cadmium are based on relatively high
occupational exposures to cadmium compounds of undefined solubility.

* A quantitative risk assessment for lung cancer, based on occupational
exposures of humans to cadmium compounds, is likely to overestimate the
risk of lung cancer for ZnCdS exposures from the Army's dispersion tests.

EXPOSURE ASSESSMENT

The subcommittee estimated the magnitude of potential human doses of
cadmium as a result of the dispersions of ZnCdS by the Army in U.S. and
Canadian locations. On the basis of the data available, the maximum
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estimated cadmium doses (calculated from ZnCdS) in populated areas were
about 6.8 ug in Minneapolis, MN; 14.5 ug in Winnipeg, Canada; and 24.4 ug in
St. Louis, MO. The maximal potential cadmium inhalation dose to any
individual of 24.4 ug recorded in St. Louis is equivalent to living 1-8 months in
a typical U.S. city where the cadmium intake is believed to be about 0.1-0.8 ug/
d. The daily cadmium intake via inhalation in rural areas is less than 0.02 pg.

It is important to consider doses such as these in the context of typical
ambient background exposures. Cadmium is a natural component of the earth's
crust. All soils and rocks, including coal, have some cadmium in them.
Cadmium is naturally found as a component of small particles present in air.
Cadmium enters the air from the burning of coal and household waste, and from
metal mining and refining processes. Food, water, and smoking are the largest
potential sources of cadmium exposures for the general population. Exposures
to normal ambient "background" concentrations of cadmium result in a total
daily human cadmium intake of 12-84 ug for an adult. Air contributes 0.02-0.8
ug of cadmium per day, water 2-20 ug/d, food 10-60 pg/d, and smoking 2-4 pg/
d. Thus, the subcommittee estimated that the average total daily intake from
typical environmental and industrial exposures to cadmium from all media (soil,
water, food, and air) in urban areas is greater than the total exposures to
cadmium resulting from the Army's ZnCdS tests at most sites. The highest
estimated cadmium intake (from inhalation) from the Army's ZnCdS dispersion
tests was 24.4 pg in St. Louis. At about half the test sites, the maximal
concentrations of airborne cadmium (in the form of ZnCdS) were above the
estimated urban average daily airborne cadmium, but the subcommittee believes
that these short-term high concentrations would have had minimal impact on
total cadmium exposure, which is mainly from water, food, and soil.

RISK ASSESSMENT OF ZNCDS EXPOSURES

The subcommittee concluded that only the respiratory tract was potentially
at risk from exposure to particles of ZnCdS because the particles of ZnCdS
were respirable and would be expected to deposit deep in the lungs.
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However, results of several toxicity studies indicate that CDs (the cadmium
compound considered to be most relevant for assessing noncancer ZnCdS
toxicity) has little toxicity in the respiratory tract. Rats exposed to CDs at
39,600 mg-min/m> (equivalent to total inhaled dose of 594 mg of CDs or 513
mg of cadmium) had only a mild pulmonary response. By using an uncertainty
factor of 1,000 (513 mg/1,000 = 513 ug), one would not expect adverse health
effects, even in sensitive populations, from exposure to the 513-pg-dose level.
The highest estimated cadmium doses at the test sites were below 513 pg of
cadmium. The subcommittee concludes that the exposures to ZnCdS from the
Army's tests (for which data are available) should not have caused noncancer
health effects in exposed persons.

The subcommittee also estimated maximal lifetime excess lung-cancer risk
for the test locations. Test sites with the highest cadmium exposures were
Biltmore Beach, St. Louis, Winnipeg, and Minneapolis. Cancer risk estimates
were based on the cadmium content of ZnCdS because no studies on the
carcinogenicity of ZnCdS have been conducted, and cadmium is the most-toxic
component, so this approach is likely to overestimate the risk. For each city, the
location with the highest average reported air concentration of cadmium was
used to calculate cancer risk. The risk estimates were multiplied by a factor of
10 to account for exposure to sensitive populations. The estimated upper-bound
lung-cancer risks ranged from less than 0.01 x 10 to 24.0 x 10 (0.4 to 24 per
million).

The vast majority of people in the test areas were exposed to
concentrations that were less than the highest by a factor of 2-10 or more.
Accordingly, their cancer risks would be lower by a factor of 2-10 or more. The
subcommittee concluded that given the extremely low concentrations of ZnCdS
(or cadmium from ZnCdS) in the air and the short duration of exposure, the
lung-cancer risk, if any, is likely to be very low. Thus, it is unlikely that anyone
in the test areas would have developed lung cancer from direct exposure to
airborne releases of ZnCdS.

On the basis of a review of the scientific literature, information presented
at the public meetings, and an analysis of exposure information, the
subcommittee concluded that the list of disorders reported by people living in
areas where ZnCdS was released reflects diseases found in the general
population and cannot be attributed to the ZnCdS releases.
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SCIENTIFIC FEASIBILITY OF EPIDEMIOLOGIC STUDY

The subcommittee concluded that an epidemiologic study of the affected
populations is not feasible. There are three major barriers to carrying out an
epidemiologic study of the health effects of ZnCdS: lack of complete and
accurate exposure data on individuals; inadequacies in data on health outcomes
before, during, and after the periods of exposure; and, because of the low
exposures, the requirement of a very large sample to detect any small increase
in adverse health effects. Accurate measurement of individuals' doses is not
possible, given the very small contribution of ZnCdS to the concentration of
cadmium in the environment. Information on potential confounders also would
be lacking.

RECOMMENDATIONS

It is highly unlikely that free cadmium ions would become bioavailable to
target organs as a direct result of inhalation of ZnCdS. However, information is
not available on whether ZnCdS might break down in the respiratory tract into
more-soluble components, which could be absorbed into the blood.

* The subcommittee recommends that the Army conduct studies to determine
the bioavailability and inhalation toxicity of ZnCdS in experimental
animals. This research will strengthen the database needed for risk
assessment of ZnCdS and lessen the need to rely on the use of cadmium or
cadmium compounds as surrogates for toxicity information.

* The subcommittee recommends that when the results of the research
become available, they be reviewed by experts outside the Army to
determine whether the subcommittee's conclusions are still valid or should
be modified.

People were outraged at being exposed to chemicals by the government
without their knowledge or consent.
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SUMMARY

develop a mechanism for addressing the public's sense of outrage, but these

Army's dispersion tests; these questions are important, and the Army must
issues were beyond the subcommittee's charge and expertise.

The subcommittee did not address ethical and other social issues about the
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1
INTRODUCTION

BECAUSE OF WIDESPREAD CONCERN over possible use of biologic warfare
(BW) by a foreign power against the United States and its allies, President
Roosevelt in 1942 established the U.S. Biological Warfare Program. The policy
of the United States concerning BW between 1941 and 1973 was, first, to deter
its use against the United States and its allies and, second, to retaliate by using
pathogenic agents if deterrence failed (U.S. Army 1977). The stockpile of
offensive BW agents was destroyed in 1973 in accordance with a directive
issued by President Nixon in 1969.

The potential tactical use of BW agents required the development of tables
of munitions requirements (the quantities of materials required to achieve
particular military objectives) for the strategic use of BW agents against
specific cities. To obtain some estimate of the amount of BW material required
to meet certain objectives in given cities, an indirect approach was used: to
simulate the BW agents, and run tests with the simulants in suitable locations.
The U.S. Army used both biologic and non-
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biologic simulants in its tests. Biologic simulants are defined as living
microorganisms that are not normally capable of causing infection, that
represent the physical and biologic characteristics of potential pathogenic
microbiologic agents, and that were considered medically safe for operating
personnel and the general public. Nonbiologic simulants are nonliving inert
(usually inorganic) materials; they are formed to resemble the size of BW
agents for dispersion in the air in a manner similar to BW agents, but they are
not themselves BW agents.

The biologic simulants used included Serratia marcescens, Bacillus
globigii, Bacillus subtilis, and Aspergillus fumigatus; all these were considered
by the Army to be safe at the time of their use (U.S. Army 1977). (More recent
research indicates that the organisms are generally nonpathogenic or of low
virulence in normal populations, but some could become pathogenic in
immunocompromised persons.) The nonbiologic simulants used included zinc
cadmium sulfide (ZnCdS) and sulfur dioxide (SO), the former of which is the
subject of this report. Although some of the Army's tests involved exposures to
ZnCdS at the same time as biologic agents, such as Serratia marcescens, the
subcommittee did not assess the implications of such coexposures, because that
was beyond its charge and ability. Information on interactions between
biologics and chemicals can be found in the Institute of Medicine's 1996 report
entitled "Interactions of Drugs, Biologics, and Chemicals in the U.S. Military
Forces." Appendix A provides greater detail on the U.S. BW program and the
selection of biologic and nonbiologic simulants.

ZNCDS DISPERSION TESTS

During the 1950s and 1960s, Stanford University and other contractors for
the U.S. Army Chemical Corps conducted dispersion tests with fluorescent
particles of ZnCdS as part of the BW program in Minneapolis, MN; Corpus
Christi, TX; St. Louis, MO; Fort Wayne, IN; and 29 other urban and rural
locations in the United States and Canada. Tables 5-1 and B-1 show the
locations, dates, and amounts of ZnCdS released. Appendix A provides greater
detail on and the reasons for the selection of the test cities or other test locations.
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ZnCdS is a sintered chemical (it is formed by heating a mixture of zinc
sulfide, ZnS, and cadmium sulfide, CdS) composed of 80% ZnS and 20% CdS.
It was considered to be desirable as a nonbiologic simulant for several reasons:
(1) it fluoresces under ultraviolet (UV) light and therefore can be easily
detected, (2) its particle size (0.5-6.25 um), which is similar to that of several
microorganisms, makes it easily dispersible (Leighton 1955), (3) it was
economically feasible, (4) it was perceived to be nontoxic to humans, animals,
and plants, and (5) it is stable in the atmosphere.

The ZnCdS tests were initially conducted in Minneapolis, St. Louis, and
Winnipeg. These cities were selected because of their similarity-in
meteorologic, terrain, population, and physical characteristics—to such cities in
the former Soviet Union as Moscow and St. Petersburg (formerly Leningrad).
As the field testing program progressed, it was recognized that data were
needed for other geographical areas. Tests with single and multiple munitions
were conducted in forests—in mountainous areas of Targhee National Forest in
Idaho; in moderately to heavily covered flat land in Florida, and tropical islands
off the Panama coast. In addition, numerous field tests were conducted by the
British in India and Australia which added to the variety of terrain and
geographical variables. When all of these tests were completed, there was an
abundance of information showing directly how various biologic agents
behaved under a variety of conditions which were either representative of or
bracketed the conditions experienced in areas of combat.

Operation LAC (for Large Area Coverage) was the largest test program
ever undertaken by the Army's Chemical Corps. The test area covered the
United States from the Rockies to the Atlantic, from Canada to the Gulf of
Mexico. The tests proved the feasibility of covering large areas (thousands of
square miles) of a country with BW agents based on ZnCdS particles as
simulants.

PUBLIC CONCERN IN RESPONSE TO ZNCDS DISPERSION
TESTS

On learning of the dispersion tests in the early 1990s, government officials
and citizens in several places, such as Minneapolis, MN, Corpus Christi,
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TX, and Fort Wayne, IN, raised concerns about the thousands of people who
might unknowingly have been exposed to ZnCdS. After information on the tests
became public, some people living in areas where the tests were conducted
attributed various illnesses, including cancer and reproductive difficulties, to
exposure to the chemical.

In response to the public concern, the AEHA prepared reports that assessed
the health risk to humans exposed to ZnCdS in Minneapolis, Corpus Christi,
Fort Wayne, and St. Louis (AEHA 1994, 1995a,b). The assessments were based
on a review of the toxicity of cadmium because little information on the toxicity
of ZnCdS was available in the scientific literature or in Army files and because
AEHA considered cadmium to be the most toxic component of ZnCdS.
Cadmium, a toxic metal, is present in the ambient environment (in food, air, and
water). Zinc is an essential nutrient (NRC 1980) and is toxic only at high doses;
AEHA did not believe that zinc would contribute to any toxicity that ZnCdS
might have. In the AEHA reports, human exposure to cadmium was estimated
from the ZnCdS-exposure monitoring data recorded at the time of the releases.
AEHA concluded: "Conservative evaluation of the available data using EPA
risk assessment methodology and comparisons with available standards,
ambient air data, and health effects information indicates that the measured
concentrations in the test areas should not have been associated with any
adverse health effects for residents in the test areas. The estimated excess
cancer risks are much less than the risk levels generally considered acceptable
by the EPA. These comparisons and evaluations indicate that the ZnCdS tests
posed negligible health threats to residents of the test areas" (AEHA 1994,
1995a,b).

TASKS OF THE SUBCOMMITTEE

In July 1994, the Army asked the National Research Council to review the
AEHA reports assessing the health risks for Corpus Christi, TX, and
Minneapolis, MN (AEHA 1994), determine the reasonableness of the
conclusions, and, if necessary, suggest recommendations for improving the
assessments. In the fiscal year 1995 Department of Defense appropriations,
Congress responded to growing public-health concerns by directing the
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secretary of defense to request an in-depth independent study by the Research
Council of the possible adverse health effects of human exposure to ZnCdS as a
result of the Army's dispersion tests. Consequently, the Army asked that the
Research Council study on ZnCdS already under way be expanded substantially
to determine the health risks associated with exposure to ZnCdS in all exposed
U.S. locations, hold public meetings in selected cities where ZnCdS tests were
conducted, and review the environmental fate of ZnCdS.

The Research Council assigned the project to the Committee on
Toxicology (COT) of the Board on Environmental Studies and Toxicology in
the Commission on Life Sciences. COT convened the Subcommittee on Zinc
Cadmium Sulfide, which prepared this report. The subcommittee members were
chosen for their recognized expertise in toxicology, medicine, pathology,
epidemiology, pharmacology, chemistry, environmental health, environmental
fate, industrial hygiene, ecology, biostatistics and mathematical modeling, risk
assessment, risk communication, and interpretation of technical information.
The subcommittee was charged with the following tasks:

1. Determine the appropriateness of using cadmium-toxicity data as a
surrogate for ZnCdS-toxicity data in the AEHA's risk-assessment reports.

2. Assess the transport and environmental fate (but not ecologic effects) of
ZnCdS.

3. Assess the adequacy of the AEHA estimates of exposures to ZnCdS in
Minneapolis, Corpus Christi, Fort Wayne, and other test areas.

4. Review the toxicokinetics of ZnCdS and its surrogate, cadmium.

5. Assess the toxicity of ZnCdS and cadmium (or cadmium compounds),
including effects on sensitive human populations, toxicologic
interactions of zinc and cadmium, and the toxicologic implications of
the variable composition of ZnCdS.

6. Determine the utility and feasibility of conducting an epidemiologic
study of the ZnCdS exposures in question.

7. Review the comments of the U.S. Environmental Protection Agency,
Centers for Disease Control and Prevention, and Agency for Toxic
Substances and Disease Registry on AEHA's risk-assessment reports on
ZnCdS.
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8. Identify research gaps in the available information and develop priorities
for research.

The subcommittee's task was to produce three reports: (1) an interim
report, which was published in September 1995 (NRC 1995) and contains the
subcommittee's preliminary health risk assessment of ZnCdS exposures, (2) a
comprehensive final technical report (the present report), which addresses all
the 8 issues listed above, and (3) a nontechnical summary report to disseminate
the findings to the general public, which is published separately (NRC 1997).

Although some tests involved simultaneous exposures to ZnCdS and
biologic simulants, such as Serratia marcescens or Bacillus globigii , the
subcommittee did not assess the implications of such coexposures, because that
was beyond its charge and expertise. The subcommittee also did not address
whether testing of the simulants without the knowledge of the American public
was ethical or violated the public trust; this question is also important but is
beyond the subcommittee's charge and expertise.

SOURCES OF DATA

The subcommittee held public meetings to gather information in selected
cities in which dispersion tests were conducted. Three public meetings were held
—in Minneapolis, Fort Wayne, and Corpus Christi. The public was informed
about the meetings through advertisements in local newspapers and through the
courtesy of local radio and television stations. A total of several hundred
persons attended the meetings, and they were covered by television, radio, and
newspapers. Information gathered and issues and concerns raised at the public
meetings are presented and addressed in Chapter 2, which contains the details
of the three public meetings.

The subcommittee reviewed toxicity data on ZnCdS, cadmium, cadmium
compounds, and zinc. The ZnCdS data came from reports available in the open
literature; reports from the Army's contractors for the ZnCdS tests; material-
safety data sheets; and the U.S. Army. The subcommittee is aware that some of
the exposure data from the Army's tests on ZnCdS
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are missing. The Army was asked to supply the missing data, and it has
informed the subcommittee that it is unable to find the missing data because the
information being sought is 30-40 years old, and the data on the Army's
dispersion tests were not cataloged. Although some exposure data from the
Army's ZnCdS dispersion tests are missing, the subcommittee feels confident in
the quality of the large amount of data that it reviewed and does not believe it
likely that the additional missing data would alter its conclusions. These data
provide information on exposures at various locations but not on exposures to
individuals, which is important in epidemiologic studies.

The subcommittee reviewed only the unclassified data available on
ZnCdS. The Army has assured the subcommittee in writing that all the relevant
data on ZnCdS dispersion tests have been declassified and provided to the
subcommittee (letter attached in Appendix C). According to the Army, the only
information that was not declassified pertains to the LAC study, on which there
is information regarding the altitude from which a very small quantity of a BW
agent could be dropped and contaminate approximately 500,000 square miles of
the country. The Army felt that declassification of this information could affect
the national security of this country (Col. Robert Gum, U.S. Army Medical
Research Institute of Chemical Defense, personal commun., 1995).

A vast amount of data on cadmium toxicity is available in the open
literature; the subcommittee drew heavily on the detailed toxicity reviews
conducted by the Agency for Toxic Substances and Disease Registry (ATSDR
1993), International Agency for Research on Cancer (IARC 1993), World
Health Organization (IPCS 1992), and Occupational Safety and Health
Administration (OSHA 1992).

The subcommittee reviewed the toxicity data on zinc and concluded that it
would not be toxic at the low exposure levels associated with ZnCdS dispersion
tests. The subcommittee also reviewed the possible interaction of zinc and
cadmium (Appendix D). The toxicities of minor components of ZnCdS, such as
copper (=.005%) and silver (=.005%) were also reviewed (Appendix D).
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STRUCTURE OF THE REPORT

The subcommittee assesses the health risk associated with ZnCdS
exposures in various U.S. locations by conducting an in-depth review of the
toxicity and toxicokinetic data on ZnCdS and its most toxic component—
cadmium—by estimating the maximal concentration of cadmium in each test
location and by characterizing the risk associated with the estimated maximal
cadmium exposures. The subcommittee considered total exposures to cadmium
as a consequence of exposure to ZnCdS from all routes—inhalation and
ingestion of food and water—in relation to known background exposures to
cadmium. The effect of ZnCdS and cadmium on potentially susceptible groups
in the human population was also considered. In addition, the subcommittee
assessed the environmental fate of ZnCdS and determined the utility and
feasibility of conducting an epidemiologic study of populations exposed to it.

Chapter 2 presents the information gathered from the public meetings.
Chapter 3 reviews the toxicity and related data on ZnCdS, and Chapter 4
evaluates the toxicity, environmental fate, and epidemiology data of cadmium
compounds. Chapter 5 evaluates the exposures to ZnCdS and cadmium, and
Chapter 6 contains the subcommittee's risk assessments of ZnCdS for noncancer
and cancer effects. Chapter 7 discusses the feasibility of conducting
epidemiologic studies of ZnCdS-exposed persons. Chapter 8 contains the
subcommittee's conclusions and recommendations. Appendix A reviews the
historical background of the U.S. Biological Warfare Program. Appendix B
summarizes the doses and concentrations of ZnCdS particles from the Army's
dispersion tests. Appendix C contains correspondence with the U.S. Army.
Appendix D discusses the interaction of zinc and cadmium and the toxicity of
copper and silver. Appendix E provides information concerning public
meetings. Appendix F reviews sampling and analytic methods for ZnCdS.
Appendix G contains a review of the Army Environmental Hygiene Agency's
risk-assessment reports on ZnCdS, and Appendix H reviews the comments of
EPA, ATSDR, and CDC on the Army's risk-assessment reports. Appendix I
discusses the exposure assessment for cadmium. The final section of the report—
the glossary—provides brief descriptions of technical terms used in the report.
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2
INPUT FROM THE PUBLIC

THE SUBCOMMITTEE HELD 3 PUBLIC MEETINGS as part of its evaluation of the
health impacts from the release of zinc cadmium sulfide (ZnCdS) by the Army.
The meetings were held in Minneapolis, MN, on May 25, 1995; Fort Wayne,
IN, on July 31, 1995; and Corpus Christi, TX, on October 18, 1995. Their
purpose was to gather information and learn about public concerns related to the
release of ZnCdS. Minneapolis and Fort Wayne were chosen because of
heightened concern about possible health effects and the presence of
community groups that were gathering information and pressing for answers.
Corpus Christi was chosen because it was a coastal city and the subcommittee
wanted to determine whether anything more could be learned from the site of an
aerial coastal spray. In addition, the Army had completed risk assessments for
each of the 3 communities.

Each meeting was held at a location that was easily accessible to the
public. Before the meeting, National Research Council staff sent press releases
to all the local media and to national media that cover Research Council
activities in the area and advertised the meeting in local newspapers. Mayors,
members of Congress representing the district, U.S. senators of the state, and
other elected officers were informed of the meetings
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so that they could inform their constituents. People were encouraged to register
to speak by calling or writing to Kulbir Bakshi, project director for the
subcommittee. The subcommittee was available before and after the meeting to
talk to the media.

Each meeting began with a presentation about the subcommittee, which
included background on the Research Council and the National Academy of
Sciences, how the subcommittee was formed, the tasks assigned to it, a brief
description of the work already completed by it, and the introduction of its
members.

The public meetings in Minneapolis and Fort Wayne each lasted a full day.
Of the 88 people who signed the registration sheets in Minneapolis, 24
presented formal comments. Of the 162 who signed the registration sheets in
Fort Wayne, 33 spoke. The meeting in Corpus Christi lasted a half-day; of the
23 who signed up, 11 spoke. Appendix E contains the agendas for the public
meetings. After each presentation, the subcommittee members were able to ask
questions to clarify comments and gain additional information. At the
conclusion of the comment sessions, open-microphone sessions provided an
opportunity for an informal exchange of information and points of view among
participants, members of the audience, and subcommittee members. The
proceedings of the meetings were recorded and transcribed. Fact sheets
provided at the meetings included information about how to obtain transcripts.

NATURE OF COMMENTS

The public meetings were both emotional and informative. The many
questions and issues raised were in three general categories: concern about
possible health effects of exposure to ZnCdS, outrage about being exposed to a
chemical by the government without being informed, and requests for
information about the spraying activities—how, how much, when, where, and
why.

Many people expressed pride in being American and having served their
country but difficulty in believing that their government could have carried out
the spraying activities without disclosing them to the public. People expressed
concern about identifying and holding accountable those responsible
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for the testing and about ensuring that testing without the informed consent of
the subjects would never be repeated. Those concerns are related to trust in the
government. Several people who presented comments clearly stated that an
open, thorough examination of the issues, beginning with the work of this
subcommittee and its open-meeting process, could help to restore confidence in
the government.

It was evident that many speakers in the three communities had put a great
deal of effort into preparing their comments. Some had compiled and
documented detailed information about the health status of those who were in
the area during the release of ZnCdS or had researched other aspects of
community health. The information presented ranged from discussion of
individual or family health histories to detailed maps with markers showing
health problems in areas that were sprayed.

In Fort Wayne, one family described how the mother had developed
malignant melanoma and had been sent to Minneapolis for special treatment.
Since becoming aware of the ZnCdS spraying, they had discovered that
between 1973 and 1976, 17 other people from Fort Wayne had been sent to the
same clinic in Minneapolis for treatment of melanoma. One of the sisters in the
family had put together a map showing the homes of 70 persons who either had
died from cancer or had had cancer diagnosed, the location of ZnCdS sampling
stations, and the general pattern of the fallout of dispersed ZnCdS.

Several speakers presented lists of people with health problems who lived
in areas where ZnCdS had been released. In Corpus Christi, for example, a
woman presented a list of 80 people, all with cancer, who lived in the town of
Taft, 18 miles north of Corpus Christi, 90% of them lived in a 12-block area of
the town. The cancers in the town included cancers of the liver, brain, breast,
colon, and prostate. The speaker was hoping for insight into what could have
caused this group of cancers.

Some of the individual comments were very personal and emotional. For
example, a mother in Minneapolis who lived in the area where ZnCdS had been
released discussed the physical problems of her daughter who died at the age of
46 after a long history of health problems, including irregular menstrual cycles,
repeated growth of very large cysts, and a collapsed lung.

Many people indicated that they did not know what caused their health
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problem, nor did they assert that ZnCdS exposure was the cause, but they
wanted the subcommittee to have whatever information might help to answer
the concerns raised.

A common theme throughout the testimony was the frustration that
answers were not available as to why people had their health problems. People
described having rare illnesses and seeing several experts to look for causes of
their illnesses. Many wondered whether ZnCdS, which they understood to be
carcinogenic and had been released in an area where they lived, was in some
way responsible for their health condition.

Many questions were raised about individual health problems at the public
meetings and in written comments submitted to the subcommittee. In general,
the questions were divided into four categories: about whether exposure to
ZnCdS could have caused the problems, about the unique sensitivity of children
and whether children would be more sensitive to exposure to ZnCdS than
adults, about future health problems both for the participants and for their
children and their children's children, and about cumulative health effects. The
subcommittee's report for the general public addresses the most commonly
asked questions (NRC 1997).

The comments and testimony at the public meetings made clear a serious
need for public-health information in the communities that was not being
addressed. People had many questions but did not know where to go for health-
care information. People reported that inquiries to local, state, and federal health
agencies had provided little information.

Many of the comments about possible effects on human health and the
environment have been useful in the subcommittee's analysis. For example, the
community concerns about a wide array of health effects showed the
subcommittee that it had to consider many possible health effects and not focus
only on cancer. Comments also emphasized that the subcommittee's analysis
should consider particularly sensitive (susceptible) populations (such as
children and the elderly), variations in populations, and age distribution.
Descriptions of conditions in the communities at the time of testing increased
the subcommittee's insight into possible community-specific exposure
pathways, such as the use of surface-water reservoirs to supply drinking water,
and variations in life styles. Some, especially representatives of the Leech Lake
Band of Chippewa in Minnesota, emphasized the need to consider effects on the
environment, not just those
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on human health. However, the effect of ZnCdS on the environment is beyond
the scope of the subcommittee's task.

Some of the speakers remembered the testing, and a few had helped to
carry it out. They were able to provide insight into how the material was
dispersed and how the sampling was conducted and they provided their
recollections of what happened in the communities during the tests. Some
people who were involved in the conduct of the ZnCdS dispersion tests did not
report adverse health effects associated with the tests.

SPECIFIC HEALTH PROBLEMS

The types of health effects discussed most often by concerned residents
differed among the three communities. For example, reproductive problems
were more commonly reported at the public meeting in Minneapolis than
elsewhere, whereas cancer was mentioned most often in Fort Wayne and
Corpus Christi.

Overall, the most common reports presented at the public meetings were
on cancer. All three communities reported concern about apparent cancer
clusters, although the type of cancer varied. In Minneapolis, for example, an
organized community group called Children of the Fifties reported cancer and
other health problems in children who attended the Clinton Elementary School.
ZnCdS had been released from the roof of the school and from nearby mobile
vehicles. The group had identified 350 of the 800 students who attended the
school and found that many had already died, a large number from cancer. The
group is considered in more detail in Chapter 7. In Fort Wayne, residents
described a number of cases of malignant melanoma and breast cancer. In
particular, some specific cases of breast cancer in young women were noted by
citizens and a local physician. The cancers reported at the public meetings
included cancers of the prostate, thyroid, salivary glands, esophagus, breast,
bladder, colon, kidney, uterus, ovaries, blood cells, and brain. Other health
problems reported in the three communities included difficulty in getting
pregnant; miscarriages and other reproductive disorders, including enlarged
uterus and female infertility; respiratory problems, including pneumonia,
bronchitis, and asthma; thyroid disorders; swollen glands;
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joint pain; and skin problems. Other disease categories identified were
congenital disorders, including mental retardation, learning disorders, Down's
syndrome, and liver malformations. Immunologic diseases included disorders of
the thyroid gland and skin and asthma. Infections of lungs and ears were also
reported.

Degenerative diseases of the central nervous system, such as Parkinson's
disease, were reported, as were other degenerative and metabolic disorders such
as atherosclerosis and heart problems, arthritis, diabetes mellitus, diabetes
insipidus, and osteoporosis.

A number of nonspecific complaints that do not fit into any disease
category were noted, such as the development of cysts, high blood pressure,
dizzy spells, coughing, swollen glands, joint swelling, weight gain, fatigue, and
nosebleeds.

CONCLUSIONS

The subcommittee has drawn valuable information and guidance from the
presentations made at the public meetings and other comments submitted by the
public. Members of the public who presented comments to the subcommittee
were concerned about a wide array of health effects, including cancer and
reproductive effects, and about whether these effects could have been caused by
exposure to ZnCdS. They were also concerned about the possibility of increased
risk to sensitive populations, such as children and the elderly. Moreover, people
were outraged at being exposed to chemicals by the government without their
knowledge or consent. The subcommittee did not address ethical and other
social issues about the Army's dispersion tests; these questions are important,
and the Army must develop a mechanism for addressing the public's sense of
outrage, but these issues were beyond the subcommittee's charge and expertise.

In the remainder of this report, the subcommittee describes its attempt to
determine whether diseases reported by people living in areas where ZnCdS
was released are caused by ZnCdS. The subcommittee determined the
biological plausibility of the diseases reported by the public to be caused by the
exposures to ZnCdS and determined the extent to which the
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exposures might have caused an increase in the diseases above background

levels.
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3

TOXICITY AND RELATED DATA ON
ZINC CADMIUM SULFIDE

PHYSICAL AND CHEMICAL PROPERTIES

Zinxc capmiuM SULFIDE (ZnCdS) (CAS no. 68583-45-9) was manufactured
originally by the New Jersey Zinc Company and later by the U.S. Radium
Corporation in New Jersey. The ZnCdS used in the Army studies appeared as a
yellow or green (depending on whether copper or silver was used as an
activator), somewhat fluffy powder under visible light. It was composed of
about 80% zinc sulfide, ZnS, and 20% cadmium sulfide, CdS; the concentration
of copper or silver in ZnCdS was about 0.005%. Magnesium silicate or some
other silicate was added at 12% to facilitate the dispersion of ZnCdS. ZnCdS is
not just a physical mixture of the two compounds; its constituents—ZnS and CdS
—are sintered by heating a mixture of the 2 compounds to about 900°C (Ruda
1992) so that a crystalline lattice structure containing zinc, cadmium, and sulfur
is formed. The sintered compound reportedly does not contain pure ZnS or CdS,
because the sintering process is highly efficient (Sheila Fabiano, USR Optonix,
Inc., personal commun., May 27, 1995).
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Zinc sulfide exists in two crystalline forms: a cubic form with the
zincblende structure (the most common form in nature, occurring as the rather
common mineral sphalerite) and a hexagonal form, which is sometimes referred
to as the wurtzite structure (Fedorov and others 1993). The cubic form forms at
lower temperatures than the hexagonal. The hexagonal form is stable at
formation temperatures above 1026°C. Both forms have tetrahedral
coordination about both the zinc and sulfur atoms, with each sulfur atom
tetrahedrally bonded to four zinc atoms and each zinc atom tetrahedrally
bonded to four sulfur atoms. Figure 3-1 shows diagrams of both forms.
Cadmium sulfide exists primarily in the hexagonal (wurtzite) form and occurs
in nature as the very rare mineral greenockite. Solid solutions of ZnS and CdS
can exist in either crystal form, depending on the composition, sintering
temperature, and cooling rate. At the composition used in the Army's studies
(80% ZnS and 20% CdS), the transition between wurtzite and zincblende occurs
at about 500°C. However, rapid quenching of the material from the reported
900°C sintering temperature would preserve the wurtzite form.

ZnCdS is a fluorescent material and fluoresces brilliantly under ultraviolet
light chiefly in the region from 3100 A to 4000 A.

The density of ZnCdS is 4.0 g/cm® (Leighton and others 1965). A gram of
ZnCdS contains some 10'° particles. It can be made in the form of particles
small enough to meet the criteria for studying atmospheric diffusion, and the
dispersibility of ZnCdS is high enough to enable its practical use in the Army's
dispersion tests (Leighton 1955). ZnCdS used in the Army's tests had a mass
median aerodynamic diameter of 2-3 um, and the particle diameter ranged from
0.5 to0 6.25 pm.

ZnCdS is stable in the atmosphere long enough to conduct the tracer
experiment (hours to days). It is insoluble in water and only weakly soluble in
strong acids, but it is soluble in oxidizing acids, such as concentrated nitric acid.
ZnCdS continues to fluoresce after 2 h of exposure to air at 450°C. When
immersed in 12 M hydrochloric acid, it is not completely destroyed until after
some 8 h (Leighton 1955). ZnCdS is insoluble in lipids.
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FIGURE 3-1. Structures of ZnS, CdS, and ZnCdS.
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TOXICOKINETICS AND BIOAVAILABILITY OF ZNCDS:
AVAILABILITY OF CADMIUM FROM ZNCDS

No studies on the toxicokinetics of ZnCdS were found. ZnCdS is insoluble
in water and lipids and poorly soluble in strong acids. A small number of
toxicity studies (which do not meet the current standards of toxicity testing)
have suggested that it is not absorbed through the skin or gastrointestinal tract
(Lawson and Alt 1965; Leighton and others 1965). The subcommittee believes
that the lack of solubility of ZnCdS particles together with the limited toxicity
studies implies that it will not be absorbed through the skin or gastrointestinal
tract and that inhaled particles are not likely to be absorbed from the lung into
blood for systemic distribution. Its lack of solubility also suggests that it is
highly unlikely that free cadmium ions would become bioavailable to target
organs as a result of inhalation of ZnCdS, However, information is not available
on whether ZnCdS might break down in the respiratory tract into more-soluble
components, which could be easily absorbed into the body.

TOXICITY

The subcommittee reviewed all available toxicity data on ZnCdS from the
Army's files and from the open literature. The toxicity database on ZnCdS is
limited and consists of eye irritation and dermal toxicity studies, single-dose
oral toxicity studies, and observations reported in a few exposed to high
concentrations of the dust for 1-2 years. These data are summarized below.

Eye irritation from exposure to a phosphor mixture that consisted of 65.4%
liquid cosmetic base (composition not specified) and 34.6% (=35%) ZnCdS
(Lawson and Alt 1965; Leighton and others 1965) was examined by instilling
0.1 mL of the test mixture in the eyes of adult rabbits and then observing them
at 24, 48, and 72 h. The results of the experiment indicated that ZnCdS has
negligible eye-irritation properties (Lawson and Alt 1965).

Dermal toxicity resulting from exposure to ZnCdS was examined by
applying the test mixture at 9.4 g/kg of body weight to 4 rabbits for 24 h.
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The mixture was injected under a rubber sleeve fitted around the clipped trunks
of the test animals. No toxic effects were noted, and there was no evidence of
dermal irritation during the 3 wk of observation after the treatment (Leighton
and others 1965).

Lawson (1966) and Lawson and Alt (1965) reported on the medical use of
ZnCdS for skin painting as a diagnostic tool for cancer. The compound is a
phosphor whose fluorescence increases with increases in temperature. The
authors used material that was composed of 59% CdS and 41% ZnS with less
than 0.05% silver, less than 0.0005% nickel, and traces of halide to detect the
higher temperature of blood in veins that leave a cancerous area. The phosphor
was mixed into the same water-soluble cosmetic base used in the Army's
toxicity studies and painted on the skin over the area of concern. A warm
subcutaneous vein leaving a cancer could be clearly displayed by exposing the
painted skin to UV light and observing the fluorescence of the phosphor. The
authors stated that the ZnCdS phosphor was "sufficiently insoluble to be
physiologically inert."

The only oral studies conducted by the Army were single-dose toxicity
experiments in which rats and dogs were fed the mixture. None of the animals
died at the highest doses tested, which were 10 g/kg of body weight and 20 g/kg
of body weight for dogs and rats, respectively. These tests therefore indicated
that the LDsy of the mixture—the dose that is lethal to 50% of the exposed
animals—for dogs and rats was greater than 10 g/kg of body weight and 20 g/kg
of body weight, respectively. Because the phosphor mixture used in the LDs,
study contained 65.4% liquid cosmetic base and about 35% ZnCdS, the highest
dose of the mixture tested in dogs and rats contained ZnCdS at 3.5 and 7.0 g/kg
of body weight, respectively. To avoid physical injury from the administration
of massive doses, higher doses were not administered to the animals. Thus it
appears from these data that ZnCdS is not acutely toxic when given orally; that
finding is consistent with the insolubility of the compound and its suspected
lack of bioavailability.

No toxicity experiments of inhaled ZnCdS are available in the literature.

Because the ZnCdS particles used in the Army's dispersion studies were so
small, the particles could probably be inhaled and deposited in the deep lung.
The lack of solubility of the particles suggests that they are not likely to be
absorbed from the lung into the blood for systemic distribution.
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No information is available on the potential toxicity of the particles in the lung.
It is also not known whether ZnCdS can be broken down by pulmonary
macrophages into more-soluble forms of cadmium.

The Arkansas Department of Health evaluated the possible adverse effects
of ZnCdS aerosol exposure from the Army's tests in White County, Arkansas
(White 1977). The tests consisted of 131 releases of ZnCdS in 1967-1968. The
evaluation was based on examining 4 workers who disseminated the chemical
and were exposed to high concentrations of the dust for 1-2 yr, and examining
data from the Arkansas Cancer Registry for any increases in incidence of lung,
renal, or prostatic cancer from 1970 to 1975. There was no indication of
cadmium-induced illness either in the 4 workers or in the general population.
However, it should be noted that the followup period was not long enough to
detect chronic effects, such as cancer. No studies examining the chronic
toxicity, including cancer, of ZnCdS were found.

IMPLICATIONS OF VARIABLE COMPOSITION

The Army asked that the National Research Council assess the toxicologic
implications of the variable composition of ZnCdS used in the Army's tests. The
subcommittee has reviewed the available information on the composition of
ZnCdS used in the Army's tests and found no evidence of substantial variation
in the amounts of zinc and cadmium in the sintered compound. Any slight
differences in composition should be reflected by equally small changes in
potential toxicity.

CONCLUSIONS AND RECOMMENDATIONS

Data on the toxicity of ZnCdS are sparse. Results of feeding studies
conducted in dogs and rats suggest that ZnCdS is practically nontoxic in acute
(single, high-dose) exposures. ZnCdS was not found to be a skin or eye irritant
in rabbits.

The physical and chemical properties of ZnCdS are fairly well understood.
It is soluble only in strong acids and probably not absorbed
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through the skin or gastrointestinal tract. Its lack of solubility suggests that it is
highly unlikely that free cadmium ions would become bioavailable as a result of
inhalation of ZnCdS; however, information is not available on whether ZnCdS
might break down in the respiratory tract into more-soluble components, which
could easily be absorbed into the blood. This information and the limited
toxicity data available suggests that ZnCdS is not likely to show systemic
toxicity.

The subcommittee in its interim report (NRC 1995) recommended that the
Army conduct studies to determine the bioavailability and inhalation toxicity of
ZnCdS in experimental animals. This research will strengthen the database
needed for assessing the risks of ZnCdS and lessen the need to rely on the use
of a surrogate for toxicity information. The Army has begun the research
recommended by the subcommittee, and the results are expected shortly. The
subcommittee recommends that when the results of the research become
available, they be reviewed by experts outside the Army to determine whether
the subcommittee's conclusions are still valid or should be modified.
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4

TOXICITY AND RELATED DATA ON
SELECTED CADMIUM COMPOUNDS

Facep wiTH THE TASK of evaluating the potential toxicity of zinc cadmium
sulfide (ZnCdS), a compound with largely unknown toxic potential but
reasonably well-known physical and chemical properties, the subcommittee
considered it to be prudent to examine toxicity and related data on the most-
toxic element in ZnCdS, cadmium. The toxicity of zinc, its interaction with
cadmium, and the toxicity of copper and silver are discussed in Appendix D.
This chapter reviews the physical and chemical properties, toxicokinetics, and
toxicity of cadmium and cadmium compounds.

It should be noted that a substance can be insoluble in water or acids in
vitro but soluble in vivo; cadmium oxide (CdO) is an example. (In vivo
solubility is the ability of a material to leave the site of administration and be
distributed systemically to other parts of the body.) The toxic potency of
cadmium compounds depends on their in vivo solubility and bioavailability.
The greater the solubility of the cadmium compound, the greater its systemic
toxic potency. However, it is less clear whether water
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solubility is a major factor in determining the carcinogenicity of cadmium
compounds. The bioavailability of a compound relies heavily, if not
exclusively, on its physical and chemical properties, particularly its solubility.
The bioavailability of a metal ion of a metal compound is a key determinant of
the toxicity of the compound. This must be taken into account whenever an
attempt is made to extrapolate the quantitative and qualitative effects of a metal
compound with, say, high solubility and known toxicity to a compound with
unknown toxicity, such as ZnCdS that contains the same metal but is poorly or
not at all soluble in water or acid. Because ZnCdS is neither water-soluble nor
apparently bioavailable, the subcommittee believes that the use of toxicity data
on cadmium compounds to estimate the toxicity of ZnCdS constitutes a worst-
case-scenario; this approach will lead to an overestimate of the risk associated
with ZnCdS. The Army, in its risk-assessment reports on ZnCdS exposures,
considered cadmium as a surrogate. Appendix G contains, in more detail, the
subcommittee's evaluation of this approach. The Environmental Protection
Agency, Agency for Toxic Substances and Disease Registry (ATSDR), and the
Center for Disease Control reviewed the Army's risk-assessment reports; and
Appendix H contains the subcommittee's review of those evaluations.

PHYSICAL AND CHEMICAL PROPERTIES OF CADMIUM
COMPOUNDS

The metal cadmium is insoluble in water (Weast 1985). Cadmium sulfide,
CdS, has low solubility; its reported solubility limit is 1.3 mg/L (9.0 mol/ m?) at
20°C (Weast 1985). The sulfate and chloride salts of cadmium have very high
solubilities in water (Weast 1985): cadmium chloride, CdCl,, has a reported
solubility limit of 1,680,000 mg/L at 20°C and cadmium sulfate, CdSOy,, a
reported solubility limit of 608,000 mg/L at 20°C. Table 4-1 shows the water-
solubility ranges of selected cadmium compounds.

It is generally assumed that the toxicity of metal compounds usually
involves an interaction between the free metal ion and a target tissue (Goyer
1995). Inorganic metal compounds that are soluble in water or
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can be made soluble in biologic fluids or in cells (such as alveolar
macrophages) are typically more toxic than are metal compounds with poor
solubility. Cadmium compounds are no exception. They have a wide range of
water solubility, from 1.3 mg/L for CdS to 1,680,000 mg/L for CdCl, (see
Table 4-1). The ATSDR toxicological profile on cadmium shows that cadmium
compounds highly soluble in vivo (such as CdCl,, CdSO, and cadmium oxide,
CdO) are considerably more toxic and can cause death at substantially lower
concentrations than cadmium compounds poorly soluble in vivo (such as CdS
and cadmium carbonate, CdCO3).

The only oxidation state of importance for cadmium under environmental
conditions is +2. In the presence of sulfide ions and under reducing conditions,
CdS is formed over a wide pH range. In aqueous systems, water hardness and
pH determine the speciation of cadmium. In basic systems, cadmium hydroxide,
Cd(OH),, can precipitate. In fresh water at typical environmental pH of 6-8, Cd?
* is the predominant species (Bodek and others 1988). The resulting
precipitation of CdS in reducing environments can control the effective
solubility of cadmium in natural waters.

TABLE 4-1 Water Solubilities of Selected Cd Compounds

Name Formula Water Solubility at 20°C
Cadmium metal Cd Insoluble

Cadmium chloride CdCl, 1,680,000 mg/L
Cadmium oxide CdO 5 mg/L, but soluble in lung
Cadmium sulfide CdS 1.3 mg/L

Cadmium carbonate CdCO;, Insoluble

Cadmium red 70% Cd, 16% Se, 13% S Insoluble

Cadmium yellow 77% Cd, 22% S, 0.3 % Zn Insoluble

Cadmium selenide CdSe Insoluble

Cadmium sulfate CdSOy, 608,000 mg/L

Zinc Cadmium Sulfide ZnCdS Insoluble

Source: Adapted from Weast 1985.
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TOXICOKINETICS OF CADMIUM COMPOUNDS

INSOLUBLE CADMIUM COMPOUNDS

Klimisch (1993) studied the lung deposition, lung clearance, and renal
accumulation of inhaled CdS in rats. Rats were exposed to CdS at 0.2, 1.0, and
8.0 mg/m? 6 h/day for 10 d. About 40% of the lung burden was cleared rapidly
(t;p = 1.4 d) and 40% slowly (t;, = 42 d), leaving a residue of 20% of the initial
lung burden 90 d after the end of the exposure. Only 1% of the CdS cleared
from the lungs accumulated in the kidneys. Klimisch then used the data of
Loeser (1974) on the amount of cadmium accumulated in the kidneys after oral
exposures to CdS to calculate an intestinal-absorption factor of 0.02% for CdS.
The absorption factor for inhaled CdS based on the data of Rusch and others
(1986) was 0.070.1%. That contrasts with results of similar studies with CdCl,
(which is water-soluble) in which 35% of the material cleared the lungs and
accumulated in the kidneys. The author concluded that the bioavailability of
cadmium from CdS is much lower than that from the more-soluble forms of
cadmium, such as CdCl,.

A study on the toxicokinetics of inhaled CdS (Oberdorster 1990;
Oberdorster and Cox 1990) provides evidence that inhaled CdS is not absorbed
from the lungs into systemic circulation. Rats were given CdS by inhalation.
Failure to detect cadmium in their kidneys, the primary target organs for
cadmium distribution and toxicity, suggested that the cadmium in the inhaled
particles did not leave the lungs, enter the bloodstream, and affect the kidneys.
No inflammatory response to CdS was detected in the lung after exposure to the
same amount of substance as had caused an inflammatory response to CdCl,
and CdO. Of the inhaled CdS, 75% was exhaled immediately. Oberdorster
(1990) estimated that 90% of the remaining inhaled CdS was removed slowly
from the lung into the gastrointestinal tract by normal mechanical clearance
processes. Rusch and others (1986) exposed rats for 2 h to various cadmium
compounds at 100 mg/m? (based on cadmium content) and found that insoluble
forms of cadmium, such as cadmium red and cadmium yellow (furnace-treated
dyes that contain cadmium in the form of CdS and cadmium selenide, CdSe),
were not transported from lung to kidney. For example, cadmium yellow consists
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of crystals containing 77% cadmium, 22% sulfur, and less than 1% zinc and
selenium; after inhalation exposure at high concentrations, kidney cadmium
content was indistinguishable from that in controls.

SOLUBLE CADMIUM COMPOUNDS

Soluble cadmium compounds can be absorbed from the skin, intestinal
tract, or respiratory tract into the bloodstream and transported throughout the
body with the potential for causing systemic injury. When such compounds are
absorbed, the most-sensitive sites for injury are the lungs, kidneys, and bones;
studies have also been conducted on the effects of soluble cadmium compounds
on the immune system and the reproductive and developmental system.

TOXICITY OF CADMIUM COMPOUNDS

NONCANCER EFFECTS

The subcommittee reviewed the toxicity of in vivo soluble and insoluble
cadmium compounds. Several comprehensive reviews on the toxicity of
cadmium compounds are available (ATSDR 1993; IARC 1993; OSHA 1992;
IPCS 1992). The main focus of the subcommittee's review was to evaluate the
toxicity associated with acute inhalation exposures to cadmium, because the
exposures from the use of ZnCdS as a tracer particle were brief and sporadic.
These data are summarized below.

IN VIVO INSOLUBLE CADMIUM COMPOUNDS

Many animal studies have identified toxic responses to the inhalation or
ingestion of soluble cadmium compounds, but relatively few studies have
examined the health effects of cadmium compounds that are poorly soluble in
vivo, such as CdS, CdSe, CdCO;, or cadmium dyes. Nevertheless, enough
experimental information is available to show that the toxicity of
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CdS is quite different from the toxicity of soluble cadmium compounds. The
main differences are that it takes considerably higher CdS concentrations to
produce lung lesions and that substantially less 